Eritrean farmers can cultivate rice by harvesting runoff from >82% available non-agricultural land in agricultural watersheds for crop use and reducing percolation through optimization of tillage. Experiments were conducted with NERICA rice, N11, to optimize irrigation requirements and puddling and compaction to reduce percolation. Experimental field was adjacent to Anseba River at downstream end of the watershed and a pond on the upstream to intercept runoff. Irrigation treatments were runoff farming with maximum runoff application depth of 10 mm (I1), and 50 mm irrigation two (I2), five (I3), and seven (I4) days after disappearance of ponded water in main plots and puddling by one (T1), two (T2) and three (T3) passes of puddler and compaction by three (T4), four (T5) and five (T6) passes of 600 kg roller in sub plots in 3 replications. Soil profile was loam in the surface 0.45 m and coarse sandy loam below forming porous belt. Soil submergence was difficult to maintain, but water table was developed in soil profile due to inflow of seepage from the river and pond. Depth to the water table was within 1.5 ± 0.1 m for >2 months and receded down to 1.7 m by crop maturity. Soil wetness was near field capacity around 0.7 m depth and increased below due to natural sub-irrigation from the water table. Rice roots penetrated 0.8 m in the puddled plots and 0.7 m in the compacted plots. Residual soil moisture of 135 -146 mm·m −1 after rice harvesting provides opportunity for planting rapeseed mustered following rice. Puddling was superior to compaction in loam soil. Puddling twice and irrigation 50 mm 7 days after ponded water vanished from surface was sufficient for optimum rice grain yield of 4346 kg·ha −1 and straw yield of 4458 kg·ha −1 . Optimum puddling and irrigation schedules reduced crop duration by 6 days without significantly affecting yield. Production function showed that rice grain yield of 4789 kg ha −1 could be obtained by 1009 mm applied water through rainfall and irrigation.
Introduction
Rice (Oryza sativa L.) is among the oldest and widely grown food crops in the world [1] . It is cultivated on about 144 m ha each year and is food for about half the world population [2] . Rice demand in sub-Sahara region is growing at a rate of 6% per annum, but average yields have been stagnant around 1.4 t·ha −1 as against >4 t·ha −1 in Asia and >6 t·ha −1 in China [3] - [5] . Low yields in sub-Sahara are credited to arid to semiarid conditions, but evapotranspiration of rice under different climate and length of growing periods ranges from 450 -700 mm [6] , which is almost equal to sorghum and pearl millet (450 -650 mm) and lesser than maize (500 -850 mm), cotton (700 -1300 mm) and sugarcane (1500 -2500 mm) grown in some pockets in western Eritrea. Unfortunately rice is a semiaquatic plant requiring soil water regime from field capacity to shallow submergence in which considerable water necessarily percolates beyond root zone [7] - [10] . Rice is also cultivated where flood water may be several meters deep and, in the extreme, as an upland cereal [11] [12] . Irrigation intervals ranged from 3 -8 days for optimum rice yields under limited water supply conditions in different soils and climates [7] [13] [14] . Similarly percolation rates in different soils and management conditions ranged from 1 -25 mm·d −1 [8] [10] . In Laos, 112-day crop required 1389 mm water, of which 7.3, 2.4 and 2.7 mm·d −1 were percolation, transpiration and evaporation, respectively [15] . In general rice may require 1000 -1500 mm water on heavy soils for a short duration variety, 1500 -2000 mm on medium soils for medium duration variety during monsoon or early spring season and 2000 -2500 mm on light soils for long duration variety during summer season [16] . Average water requirements of New Rice for Africa (NERICA) under deficit irrigation conditions were about 800 mm for 115 -120 days crop yielding 2 -4 t·ha −1 [17] [18] . Scarcity of water demands further studies on reducing water requirements and breeding for early maturing and drought tolerant varieties to match rice demand and production in the world [19] . Soil puddling and compaction are common field practices to reduce percolation losses. Puddling is plowing the field under water-saturated conditions to enhance water retention and reduce deep percolation [20] [21] . During puddling, soil undergoes two types of deformations: first, due to normal stress which is associated with compression and second, the tangential stress causing shear [22] . The two forces applied during puddling loosen and break soil clods and compact the subsoil. A typical soil profile of puddled rice soil thus consists of i) a ponded water layer, ii) a muddy layer with moderate resistance to water flow, iii) a compacted hard layer with large resistance to water flow and iv) a non-puddled subsoil of high saturated conductivity but having unsaturated flow of water [20] . Knowledge of puddling intensity, necessary to achieve optimum soil puddle conducive to early establishment and growth of rice with minimum deterioration of soil aggregates, has been a challenge for researchers and farmers [23] . Two passes of rotary puddler optimized yield with minimum deterioration of soil structure in silty clay loam [24] [25] . About 100 -150 mm water was necessary for soil puddling [26] .
Compaction reduces pore size distribution to meet soil physical requirements of rice. To achieve desired density, soil is plowed, harrowed, fertilized and brought to optimum moisture content for compaction by one to more passes of a cylindrical roller of known dimension and mass over the soil surface. The field is then flooded and rice seedlings are transplanted [7] [10] . Soil compaction is a low cost method to reduce percolation loss [27] [28]. Compaction in sandy soils improved water retention, reduced nutrient leaching, saved 15% -36% irrigation water and raised productivity by 30% -50% [29] - [31] . Compaction reduced infiltration rate by 40% -60% in low permeable soils and 70% -80% in highly permeable soils [27] [32] . Soil compaction by 2, 6, 10, and 16 passes of 1.3 m long, 0.7 t roller at proctor moisture content (≈11.9%) achieved bulk densities of 1.7, 1.75, 1.79, and 1.84 Mg·m −3 , respectively, in surface 60 mm soil. About 0.99 m water was saved by compaction in directseeded rice crop [27] . Puddling and compaction were equally effective in reducing percolation rate to a satisfactory level in soils with less than 70% sand, but compaction was more effective when sand content exceeded 70% [33] . Humphreys et al. [34] reported that puddling reduced deep percolation from an average of 3400 mm in control to 300 and 500 mm, respectively under high and low intensity of puddling. Nitrogen recovery in rice fields may range from 25% -41% of applied fertilizer nitrogen under various management conditions due to leaching, denitrification and volatilization losses [35] [36] . Javid et al. [37] observed significantly high yields under compaction to 1.67 Mg·m −3 than puddling. Cost benefit analysis also showed superiority of compaction than puddling in coarse textured soils. Bajpai and Tripathi [9] reported that both puddling and non-puddling were equally effective on rice performance in Mollisols associated with shallow water tables. Location specific soil conditions would thus have significant influence on tillage requirements, which should be evaluated before planning rice cultivation.
Although practices to minimize high percolation from rice fields were known and possibilities of runoff farming existed in Eritrea [38] , no systematic efforts were made to cultivate rice due to fear of its high water requirements, inadequate rainfall and highly permeable soils. Some experiments were conducted by National Agricultural Research Institution (NARI), Eritrea, using NERICA varieties, but conclusions were discouraging [39] . On the contrary, experiments at Hamelmalo Agricultural College under rainfed and life-saving irrigations showed encouraging results [40] . NERICA is a cross of African (Oryza glaberrima) and Asian rice (Oryza sativa), which has been successfully grown in Africa under limited irrigation conditions [5] [17] [28] [40] . Inadequate rainfall in Eritrea can be supplemented by runoff harvested as additional water for crop use from >82% non-agricultural lands in the watersheds [37] [41]- [43] . Objective of this study was to optimize soil compaction and puddling intensity to reduce percolation loss and irrigation requirements of rice under semiarid conditions of Hamelmalo.
Methods and Material

Soil
Experiments were conducted in 2013 and 2014 at Hamelmalo Agricultural College in a field at downstream end of a watershed adjacent to Anseba River. A pond was constructed adjacent to rice field on the upstream side to intercept runoff from the remaining part of the watershed for use by the crop [43] . Hamelmalo Agricultural College is located (15˚52'20.6" N and 38˚27'57.6" E at 1280 msl) in the semiarid region of Eritrea. Annual rainfall in the past seven years ranged from 370 -663.1 mm with a mean of 488 mm and average annual pan evaporation of 1931 mm. Highest mean monthly temperature occurred in May (35.7˚C) and lowest in January (11.1˚C). 
Experimental Details
Field experiment was conducted using NERICA rice variety N11. The experiment was laid out in split plot design with supplementary irrigations in main plots and tillage in sub plots in three replications. Irrigation treatments were runoff farming (RF) with maximum water application depth of 0.1 m (I 1 ), and 0.05 m irrigation two (I 2 ), five (I 3 ), and seven (I 4 ) days after disappearance of ponded water. Tillage treatments were puddling by one (T 1 ), two (T 2 ) and three (T 3 ) passes of puddler and compaction by three (T 4 ), four (T 5 ) and five (T 6 ) passes of roller of length 1.3 m and weight 600 kg. Puddling in the plots was done manually using spade representing local plow and a wooden plank. Each plot was 3 m × 4 m with 1.5 m passage between plots and replications. Bunds of height 0.30 m were made around each plot to prevent runoff. A water harvesting canal was constructed around the field about 1.5 m away from the plots to store any runoff from the surrounding area and use for irrigation in experimental plots whenever necessary. Twenty-one days old single seedlings were transplanted in puddled and compacted plots in the first week of July at 0.2 m interval between rows and 0.15 m within row. About 100 mm irrigation was applied for puddling that maintained 40 -60 mm submergence during transplanting. Shallow submergence of 10 -20 mm was maintained in all the plots by irrigation during rainless periods for about 10 days for initial establishment. Nursery was planted in June first week, which reduced crop duration with low water demand compared to that in the field and assured plant density by transplanting. Fertilizers applied were urea and DAP at the rate of 120 kg N and 60 kg·P·ha −1 . Entire DAP was applied as basal dose during last puddling operation and the remaining N was applied through urea in two equal splits at 20 days interval from transplanting. Weeding was done 3 times at an interval of 15 -20 days from transplanting. Copper disulphide (0.25%) was sprayed to recover Cu deficiency noticed during the panicle initiation stage. Termite problem was observed especially in the runoff irrigated plots, which was controlled by Cypermethrin and Tafaban applications. Measurements were made of root length density, effective tillers, water content, water table, and yield. Tillers with grain bearing ears were counted as effective tillers per plant in three hills in each plot. Grain and straw yields were determined by harvesting central 2 m × 2 m plot. The harvested biomass was dried in the field for 3 days and weighed before threshing manually. Weight of grain was taken at 14% seed moisture and expressed in kg·ha −1 . Total above ground biomass minus grain yield was the straw yield.
Root Length Density
Root length density (RLD) and % root distribution were determined at harvesting by line intersection method of Tennant [44] . Core samples were drawn from each treatment in 0.15 m depth increments down to root depth by placing 0.1 m diameter root core sampler over the harvested hill. The samples were washed and number of roots with vertical and horizontal grid lines of 10 mm was counted by spreading on a dish with a film of water to calculate RLD (cm·cm ) and % root distribution as
where V is soil core volume (cm 3 ) and R is root length (cm) expressed as 11 Grid units 14
where N is number of intersections. Percent root distribution was calculated as
Rice roots were observed down to 0.8 m and, therefore, soil moisture was determined from 1 m profile. Soil moisture at harvesting was the residual moisture in soil after rice harvesting.
Results and Discussion
Bulk Density Variation with Depth in Rice Field
Two-year average bulk density in puddled rice field was 1. 
Water Table Fluctuation and Wetness in the Root Zone
Rice field being adjacent to Anseba River on the downstream side and pond on the upstream side and existence of porous belt below 0.45 m depth allowed considerable seepage in the rice field. This resulted rise in water table (Figure 3) . High percolation in rice field might have also added to rising groundwater table. The water table was within 1.5 ± 0.1 m for about 2 months, which receded down to 1.7 m by harvesting.
Rising groundwater table increased wetness in soil profile above the water table due to upward movement of water by capillarity (Figure 4) . Soil moisture content below 0.7 m depth was near field capacity and showed increasing wetness with depth. As a result, part of rice roots might be receiving water from the water table. Thus groundwater table could serve as natural source of sub-irrigation to rice crop as evidenced by relatively greener rainfed crop until maturity ( Figure 5 ). Although surface soil was drier forming fine cracks yet soil near 0.7 -0.8 m was above field capacity moisture (Figure 4) .
Growth Pattern of Rice
Mean plant height at harvesting ranged from 0.87 to 1.06 m due to tillage and 0.93 to 1 m due to irrigation ( Table 1) . High puddling intensity encouraged plant height significantly whereas high compaction discouraged it. Mean days to maturity from transplanting ranged from 106 to 118 days due to tillage and 111 to 117 days due to irrigations. Mean days to maturity was significantly higher under compaction (116 -118 days) than puddling (106 -110 days). Maturity was also delayed significantly (117 days) by irrigations 2 days after water vanished from the surface (I 2 , 2DAWV). Slower seedling establishment and initial growth might have added to delayed maturity under compaction than puddling. Mean tillers per plant ranged from 10 -12 due to irrigations and 9 -15 due to tillage. Tillering was favored by lower puddling (T 1, T 2 ) and higher compaction (T 4 , T 5 ) levels. Poor seedling survival and growth under higher compaction was greatly compensated by tillering.
Rooting Pattern of Rice
Rice roots penetrated down to 0.8 m under puddling and to 0.7 m under compaction but maximum root concentration was in the surface 0.1 m (Figure 6 ). About 72.2% roots were in 0 -0.1 m layer under puddling and 66.9% under compaction. However, roots in 0.2 -0.7 m layer were higher under compaction than puddling. Root concentration below 0.5 m was <1% both under compaction and puddling. Roots of NERICA rice down to 0.8 m were also reported by Tripathi et al. [40] in a sandy loam under rainfed and limited irrigation conditions. Bajpai and Tripathi [9] also observed better root growth in puddled soils.
Grain Yield of Rice
Mean grain yield due to puddling was at par and significantly higher under 2 passes of puddler (4046 kg·ha −1 ) than all levels of compaction in 2 years ( Table 2) . Mean yield was also at par among the compaction levels and was highest (3406 kg·ha −1 ) under 4 passes of roller, which was also at par with 1 and 3 puddlings. Similarly mean yields due to irrigations were at par in I 2 and I 3 and significantly greater than in I 1 (runoff farming, RF). In I 1 , runoff was available for irrigation only for a day after rainfall because pond was draining fast and thus water availability to the crop was controlled by rainfall event. Interaction effects showed that rice yield in I 2 T 2 was highest (4865 kg·ha −1 ) and at par with that in I 2 and I 3 at all levels of puddling and also in I 4 under T 2 and T 3 levels of puddling. Results thus show that 50 mm irrigation 7 days after water vanished (DAWV) from surface of the plot puddled twice was sufficient for optimum yield of rice in loam soil at outlet end of the watershed adjacent to Anseba River. Among compaction levels yield was at par in T 4 and T 5 at all levels of irrigation and also in T 6 under I 2 . Seedling establishment was delayed under 5 passes of roller perhaps due to compaction. Amount of water used in I 1 (RF) and I 4 (irrigations 7 DAWV) were almost same but yields were significantly higher in I 4 than in I 1 . These differences reveal that not only the amount of rainfall but its distribution would control rice performance.
Straw Yield of Rice
Mean straw yields due to puddling and 3 and 4 passes of roller were at par but significantly greater than under 5 passes of roller over the 2 years (Table 3) . Mean straw yields due to irrigations were significantly higher in I 2 (irrigations 2 DAWV) than in I 1 and I 4 . Interaction effects show that straw yields under puddling and 3 and 4 passes of roller were significantly higher in I 2 than in I 1 and I 4 . In I 3 , straw yields under 1 and 2 passes of puddler were also at par with yields in I 2 and I 4 . Grain yield was generally optimum at less than water and nutrients' optima for vegetative growth [10] . Thus puddling and irrigation optima for straw yield should be based on optima for grain yield (T 2 I 2 ).
Water Production Function
Relationship between applied water (rainfall + irrigation) and grain yield showed a second degree polynomial with highest yield of 4789 kg·ha −1 at 1009 mm of applied water ( Figure 7 ). As shown in Table 2 , for the same amount of applied water yields were significantly lower under compaction than puddling. Yields were even at par by irrigations every 2 -7 DAWV perhaps due to proportionately high percolation in more frequently irrigated plots. Much of the irrigation water was applied during September to October when the rice roots had already entered deep into the profile. Despite puddling and compaction, percolation was augmented by enormous earth worm population in the plots forming bio-pores. Earth worms were moving out into bunds upon irrigations or rainfall and retuning back into soil after water vanished from the surface. Applied water on all irrigations was thus vanishing in less than 12 h and crop yields were not in proportional to applied water. Crop survival and growth was perhaps more due to rice roots penetrating deeper into soil profile wetted to field capacity by water table to meet significant part of plant water demand than irrigations.
Residual Moisture after Rice
Two-year average residual soil moisture ranged from 135 mm·m −1 in T 1 to 146 mm·m −1 in T 2 (Figure 8) . In general residual moisture increased with decreasing level of compaction, medium puddling intensity (T 2 ) and frequency of irrigations. Greater puddling or compaction allowed greater wetting in surface layers, which was also subject to greater drying and lower percolation and thus lesser residual moisture. Significant residual soil moisture at rice harvesting emphasizes opportunity for cultivating another crop such as rapeseed mustered following rice.
Conclusions
1) Alluvium deposits near outlet end of watershed in Hamelmalo region are generally finer in texture in surface layers, but coarser in layers below forming more porous subsoil.
2) Soil submergence necessary for rice may be difficult to maintain, but water table may develop due to inflow of water by seepage from river and pond made for water harvesting.
3) Water table could serve as natural source of sub-irrigation to rice crop. 4) NERICA-11 rice roots could penetrate deeper than 0.7 -0.8 m under optimum management. 5) Two puddlings were sufficient in loam soil for optimum yield of rice in Hamelmalo region. 6) Irrigating 7 days after 50 mm ponded water vanished from the surface may produce 4856 kg·ha −1 rice under optimum management. 7) Maximum rice yield of 4789 kg·ha −1 could be obtained by application of 1009 mm water through rainfall and irrigation. 
